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Neutrino Overview

The Standard Model (~1981)

» Neutrinosinthe 1981 ~ ELLEMENTARY
Standard: PARTICLES

— Three neutrinos with a
conserved lepton
flavour number.

— Massless.
— Strictly Left-handed.

'For¢e Carriers

Dave Wark
Oxford U./RAL



Neutrino Overview

The Standard Model (~=now)

e Neutrinos.in.the 1981 ELEMENTARY
Stanaad: PARTICLES

—fN it N\a
cony :
flavos

—\V
— S, Left-1i. Jed.

'For¢e Carriers

Dave Wark
Oxford U./RAL



Neutrino Overview

The Standard Model (~=now)
» Neutrinos:inthe 1981  ELEMENTARY

Stanga‘d: PARTICLES
—/T t a\a -
cone . 4 -
flaves -
T

> Durlng my career, the neutrlno S|de has been
completely transformed.

» We cannot understand particle physics without
understanding neutrinos, and we aren’t finished.

» We will not get this information from any other

source, we must build more neutrino experiments.

Jave wark
Oxford U./RAL



Total Rates: Standard M \vs. Experiment{ g T he Sudbu NG s
Bahcall-Pinso “ i : 7 \‘l‘

To which we now add results from Chooz Palo Verde
K2K, MINOS, MINOS+, T2K, NOVA, Daya Bay, RENO,
Double Chooz, BOREXINO, OPERA, ICARUS,

Icecube, ANTARES and more

Kamioka SAGE GALLEX
cl

— We have proven that neutrinos
=T have mass, and mix. ..

beglnnrng of the story
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Neutrino Overview

Some Open Experimental Questions in
Neutrino Physics

Completing the picture of neutrino oscillations.
o Parker, Nonnenmacher, Sedgwick, Pidcott, Kaboth, VVann

Neutrino-masses and nature — Majorana or Dirac?
 Di Valentino, Kroupova,:Nirkko, Taylor, Patrick

Are there sterile neutrinos?
DI Valentino, Barker, Boschi, Blake, VVan den Pontseele

Using neutrinos as probes.
 Katori, Malek

Dave Wark
Oxford U./RAL



Neutrino Overview

Three neutrino mixing

If neutrinos have mass:

ir U, U, 1 02107 0 s 0 grn sl 0

i #5 4y

where ¢, =cos@,., and s, =sm 6,
j j? i i

If only two neutrinos contribute:

2
P(V,,t — Ve) :Sir]2 293”\2(127 Ané - )

Dave Wark
Oxford U./RAL



Neutrino Overview

Three neutrino mixing.
If neutrinos have mass: Vz> = ZU P
A Ci3 0 s;3 i9)
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Neutrino Overview

EH1

Y EH2

s EH3

}*“ — Bast fit

xﬁx /f

I o |
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L, / (E,) [km/MeV]

Z \ . L .
- Near Detector /€ @267 7.

2.7

Far Detector

RENO Experimental Set-up “

EH3
Far Hall

1615 m from Ling Ao |
i@ 1985 m from Daya Bay
¢ 330 m overburden - EH2

Ling Ao Near Hall
481 m from Ling Ac |

3 Undergrou;j
Experimental Halls

I

&
Ling Ao Il Cores

Ling Ao | Cores

- baya Bay Near Hall
# 363 m from Daya Bay
- 98 m overburden

m 17.4 GWy;, power
m 8 operating detectors
m 160 t total target mass

~ 300 ev/day
running since
end of 2014

_ g
- ' " Far Detector
St & r L= 1050m
Chooz B Reactors 2 é‘! 300m.w.e.
2 x4.27 GW,, 2 ~ 50 ev/day
=2x102'v/s ) running since
- Nw— 2011



Neutrino Overview

Dave Wark
Oxford U./RAL




Neutrino Overview

More' Ancient History...

* Question 1n the late 50’s: Are the neutrinos
In these reactions the same thing?:

N—>pte+v s UtV U—oetTVEYV
* |f so, why no u — e+ vy via diagrams like?:

Dave Wark
Oxford U./RAL



Neutrino Overview

| Today this would be interpreted as a neutrino
1 oscillation experiment, and in a different world
nat could have confused thlngs greatly!

M. Schwartz, and J. Steinbergert
| Y ) d T ookh

VoLuME 9, NUMBER |

G. Danby, J-N

Fore-runner of accelerator oscillation
experiments, no time to discuss them all (most
notably MINOS) = jump to the current ones.
™= W

CONCRE TE m | [l 00000 NuMBER oF SPARKS PER EVENT

B
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- T2K Overview

ons decay in - MUMON monitor Off-axis at 295 km, Super-
bl enlu measures muons from Kamiokande (SK) water
\RC ~pion decay cherenkov detector
(MR) <8 measures oscillated flux

- ;)
e ™
-
™
- - -

Oscillation Prob.
(Am?=2.5x107)

At 280 m, on-axis INGRID
Beam on 90 cm detector measures
graphite target neutrino rate, beam profile vierorgy spacim
3 magnetic horns Off-axis ND280 detector |
focus positively measures spectra for ‘* _ % OA0°
charged hadrons various neutrino '

interactions

Beam peaked at 15t max E~600 MeV ||[RVARSSS_——

GeV

ino Telescopes (201 1)




Long Baseline Neutrino Oscillation

sin"26,, = 1.0
sin"26,, = 0.1
Am;, =245 107 eV°

—NH, 5,=0
—‘*-.'Ha =m2

E, {Ge‘u’)

Evems
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Location of dip in energy: Am2sz
Depth of dip: sin2653
Tests CPT symmetry
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Fa™

~ A few ND280 neutrino interaction candidates !9/

CCQE candidate
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Neutrino Overview

GeV.

Total v, CC cross section

Critical o’s poorly known in range 0.1-10

0O CCFRR

B ENL 7-feet
O ANL 12—feet
® ANL 12— feet

Total CC

H%||

2.0 1.0

Ey 5(?3&\7')&'3

o0.0 100.0

Oxford U./RAL



Neutrino Overview

Cross sections are poorly known in range
0.1-10 GeV

CC v, Quasi—Elastic Cross Section

Serpukov, Belikoy, Z. Phys, A320, 625 (1985), Al
BNL, Baker, Phys. Rev, D23, 2499 {1981), D,
ANL, Barish, Phys. Rev. D18, 3103 (1977), D,
o FNAL, Kitagaki, Phys. Rev. D28, 436 (1983), D,
O SKAT, Brunner, Z Phys.C45, 551 (1990), CF;Br
A CERN—WAZ35, Allasia, Nucl. Phys, B343, 285 (1990), D
¢ GGM, Bonetti, Nuovo Cimento, A38, 260, (1977), C;H,

NUANCE (free nucleon)
NEUGEN (free nucleon)
. NUX (free nucleon)

Dave Wark
Oxford U./RAL



Neutrino Overview
Cross sections are poorly known in range
0.1-10 GeV

Multi Pion Production

= ANL, Day, Phys. Rev. D28, 2714 (1983), D,

+ ,n_-l-) (1 0—41 sz)

MonT

O

L8
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b

NUANCE
NEUGEN

Dave Wark
Oxford U./RAL




Neutrino Overview

And lets not even talk about v...

Dave Wark
Oxford U./RAL



TK Off-Axis Near Detector

Fine Grained
BEL".IH"I Side Muon Range Detecior Detectors [FGDs)
—

Primary Interaction Materials:

Carbon, Oxygen POD ECal czl-qr:hug:;éic“
. - arl r a
Secondary Interaction Materials:

Hydrogen, Lead, Brass, Argon

Interaction in POD
Interaction in FGD1

Time Projection

See the talk by HEPP Prize winner Asher Kaboth,
who will tell you everything you need to know about
near detectors!

Interaction in ECal 16




J-PARC Neutrino Beamline

Muon Monitor Hom Beam monitors

Super-Conducting

to SupecK

The UK’s position in T2K was 1nitially won by
helping with the beamline, an ability which is
threatened by the continuing squeeze on resources

and on Iaboratory salaries.

proton beam
13 /60
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Far Detector — Super
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Neutrino Overview

Background
from NC
Interactions

i

VH i
disappearance ' i
\ signal Ve
appearance
signal

In this energy range, Super

Kamiokande well understood,

Excellent for separating
electrons, i, n0 - Jaewrk
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f V-N Cross Section Model

E .CC mcluswe .CCGE-III{& .CEl
“F Wccother  [ICC coherent parameters and normalizations

=N (=3 (=] —
TrTT TTTTTTTTTTTTT

Uncertainties come from underlying model

Charged current Charged current
quasi-elastic mulﬂnuclean

DN

a.k.a. 2p-2h
/i\ R /’l\\ or MEC
Nuclear (qulp!) theory is important, and will only
become more important, In minimizing the
uncertainties which will determine the eventual
sensitivity of these (and future) experiments.
Similar effect critical for B3 experiments.




T2K Data-Ta king Status

T umulat %)
V- ccumu at \|cs
3 §§ @ alc for y\lC\
o ov.cr
X 1020 . V eam Power

— 5 B Runs 7 R “Run9 R
8 - Run: un Run6 Run Rqas Rm‘)q 5
2 30 e ;,
- ]
= 25 400 ©
- a
8 20 300 g
< s o
200
10 ,r
5 8 100
075010 ' 2011 T 2012 ' 2013 T 2014 ' 2015 ' 2016 ' 2017 ' 2018
e Jan. 20 2010 ~ May 31 2018 Year

¢ 3.16 x 10! Protons On Target (POT) accumulated so far
e 1.51 x 10?2 POT v-Mode + 1.65 x 10 POT #-Mode

e |atest oscillation results based on :
e 313 x102 =~ 149 x 1022 v + ~ 1.63 x 1021 7 POT

e 40% of the total approved T2K statistics (7.8 x 10! POT) 20 / 60



Neutrino oscillation analysis principle

v flux prediction v cross section
 Hadron production (NA61@CERN,..) * Generator: NEUT

* Systematics * Systematics

* Hadron production External data (MiniBooNE,
* Proton/v beam monit 7 scattering exp., ...)

ND280 measurement c Super-K performance
* Constrain strongly-correlated ,,’ . Systematics

systematics between ND280/SK «  Atmospheric v
(Reduce abs. “flux x XSEC” error ¢« Cosmicray

Super-K prediction
with systematics

$ Compare

Super-K measurement




NEAR DETECTOR SAMPLES

v-mode

+« 6 v-mode samples (FGD1,2) 5.8x10%° POT

“lm:m:mm:mm:ENJuc-Jmm

M Felrs B (MEWE]

= ¥, CCOn, CCTr, CCnm

« 8v-mode samples (FGD1,2) 2.8x10" POT

= ¥, CC 1-track, CC N-track + v, "wrong sign”

* Cross sechons ~consistent with input

P-value = 8.6%

simultaneous fit of g momentum/angle:

« FGD1 (all plastic) and FGD2 (water+plastic)

+ Flux parameters increase by ~15%

Reduce uncertainties from 12-15% to 5-8%

“lm:m.mom:mmmiuc-Jmm

Py Wos Bl (MWD

Evenis] 134 MedT)

o % 8@ 3FEEEEdH

P1.036 C. Riccio

v-mode
%: prefit
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Ea] 1) MW

i 1-track

"lmmm«mmm‘m!mmum
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NEAR DETECTOR SAMPLES

v-mode

6 v-mode samples (FGD1,2) 5.8x10%° POT

= ¥, CCOn, CCTr, CCnm

8 v-mode samples (FGD1,2) 2.8x10°° POT

= ¥, CC 1-track, CC N-track + v, "wrong sign”
simultaneous fit of g momentum/angle:

« FGD1 (all plastic) and FGD2 (water+plastic)

+ Flux parameters increase by ~15%

250
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g

P1.036 C. Riccio
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* Cross sechons ~consistent with input

P-value = 8.6%

Reduce uncertainties from 12-15% to 5-8%
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Neutrino Qverview

FHC = v-mode

RHC = 7-mode T2K Systematics
1 d.e. = CClm sample

% Errors on Predicted Event Rates

1-Ring pu 1-Ring e

Error source FHC | RHC || FHC | RHC | FHC 1 d.e. | FHC/RHC
SK Detector 2.40 | 2.01 2.83 | 3.80 | 13.15 1.47
SK FSI+SI+PN 221 | 1.98 3.00 | 2.31 | 11.43 1.57
Flux + Xsec constrained || 3.27 | 2.94 3.24 | 3.10 | 4.09 2.67
Er 2.38 | 1.72 7.13 | 3.66 | 2.95 3.62
a(v.)/o(v,) 0.00 | 0.00 2.63 | 1.46 | 2.61 3.03
NC1~ 0.00 | 0.00 1.09 | 2. 0.33 1.50
NC Other 0.25 | 0.25 0.15 =S 0.99 0.18
Ose 0.03 | 0.03 2.69 | 2. 2.63 0.77
All Systematics 5.12 | 4.45 8.81 1 15.38 5.96
All with osc 5.12 | 4.45 9.19 ! 18.51 6.03

With these uncertainties would become systematics
limited with ~300 appearance events.
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SK Data

Pradictions with: sin26,3=0.0212, sin?0::=0.528, Am?z; =2 51x10%, NH

Sample Sep=mf2| Bcp=0 | Bep=m1/2 | &cp=m1 |Observed
FHC 1Ry 272.4 272.0 272.4 272.8 243
RHC 1Ry 139.5 139.2 139.5 139.9 140
FHC 1Re 74.4 62.2 50.6 62.7 75
RHC 1R. 17.1 19.4 21.7 19.3 15
FHC 1 decay e 7.0 6.1 4.9 5.9 15
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y density

=

Posterior probabilit

107!

10~°

1073

» T2K excludes CP conservation at 20 but not 30
» Best fit value, marginalized over hierarchy, is dcp=-1.74

» T2K result is still stronger than expected sensitivity

CP Vlolchon

Resultzs shown are for with reactor constraint; T2K only in back up

Ill'H.J‘Lll T TTTT]

[ 3 o Credible Interval
[ 2 o Credible Interval
I 1 < Credible Interval

T2K Run 1-9d preliminary

i

[

27

T2 Run 1-8d praliminary

Postenor probahi lity density

T2 Run 1-8d preliminary

u.-— Ll ||||||h-+u

Postenor probability density
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Beam Upgrade

® Stable opera
years—maxeq

b

review by JPARC; plan to complete

y 2022
T2\




ND280 Upgrades

Current

e Reduce ND systematics to <4%

e Improve acceptance for high-angle
and backwards tracks

e Replace POD with : superFGD + .
2 High-Angle TPCs + TOF PR

e CERN joined upgrade team in 2018
e Upgrade TDR under review now
e Plan to install in late 2021

true p MeV/c]

$°8 8 B3 858 B 8
52 k2 8 8=

true p, [MeV/c]

T GRERES

T [... : ) . rys = Ty 57
) 11 - i 11iarxri 5
'

1x1x1 cm? plastic scintillator cubes with 3 fibers
readout along X, y, Z

Detailed (3 2-D projections) and highly segmented
view of the interaction

Successful tests of prototypes

Good tracking, PID, timing




Neutrino Overview

i Find DSNR neutrinos. . .
Meanwhile, in Super-K...

events/year/1.5MeV

total BG

,-‘;Twé{}lus SUNETE S NS DR TS SO =

Slash PDK background. . .

=» neutron veto
p>e*n® MC J:
B = ! [ v 1-ring e-like

3500 | After proton mom & mass cut ' 7] ¥ 1-ring e-like

MeV [tatal positron energy)

Tell v from anti-v. . .

4000 |

3000

ha
o
=
[=]

T £, [05,0.7]GeV

== k3
[=]
L]
(=]

&
=
=

blue: neutron vector

number of events

no neutron: 92.5%

=
=
=

| F— | —
8 10
Gd-tagged neutrons

0 05 1 15 2 25 3
number of neutrons per event

0

Dave Wark
Oxford U./RAL







Water Leakage from SK tank

After filling the tank completely with water, we started the water
leakage measurement from 11:30 on 31st January to 15:52 on
/™" February, 2019. (7 days 4 hours 22 minutes in total)

After refurbishment /E \ effect |

"'E"' L L T T L L B
E 0 E’D 2 mgl'w‘al ; —
S T | ue 10 ]
= -5 201 red cN? .
8 & | exp®® ]
)

= 105 E _

The first gadolinium will be added to Super

¥ Kamiokande later this fiscal year (i.e., before April
Con 2020).

WITRIN The accuracy or our measurement, wnich IS 1ess than
0.017 tons per day.

» This is less than 1/200th of the leak rate observed before the
2018/2019 tank refurbishment.



NOvVA

A broad physics scope
Using v,~v, , V,2, ..
= Determine the v mass hierarchy
= Determine the 6,, octant
= Constrain 8

Jsi - i
Using v,=v, , V2V, ..

= Precision measurements of
sin?20,, and Am?,

(Exclude 923=7T/.4?)

= Over-constrain the atmos. sector
(four oscillation channels)

Also ...

= Neutrino cross sections at
the NOvVA Near Detector

= Sterile neutrinos

= Supernova neutrinos
= Other exotica

Ryan Patterson, Caltech

NOVA' Far Detector (Ash Rlver IVIN)

I MINOS wm{%@ MN)

B Fermilab
| Chicago™

1

.

\
15



NOvVA detectors A NOVA cell

To APD
Extruded PVC cells filled with ‘ N
11M liters of scintillator _ P g
instrumented with
A-shifting fiber and APDs

B~
Uy
=2
o
(2]
Far detector: =
R 14-kton, fine-grained,
%2 low-Z, highly-active
tracking calorimeter
32-pixel APD — 344,000 channels
e
P Near detector:
from 32 cells 0.3-kton version of 4cm X 6 cm
— the same
— 20,000 channels

Ryan Patterson, Caltech 10 Fermilab JETP, August 6, 2015



MUON (ANTI)NEUTRINO DISAPPEARANCE RESULTS

Neutrino beam NOvA Preliminary Antineutrino beam NOvVA Preliminary
! ' 4+ FD Data E ! ' ' 4+ FD Data
— Prediction 1 . — Prediction
. All Quartiles
1-o syst. range - 1-o syst. range
Wrang Signwv,CG Wrong Signw, C
Total bkg.

Total bkg.
[ cosmic bkg. [ cosmic bkg.

All Quartiles

Events / 0.1 GeV

Events /0.1 GeV
1 1 | 1 1 1 I 1 1 1 | pl 1 | 1

ﬁ
i

1 2 a 4 12 a 4
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)

Observed 113 Observed 65

Best Fit Integral 121 Best Fit Integral 50

p—

QD
n
OD

5

Cosmic Background 2.1 Cosmic Background 0.5

Beam Background |.2 Beam Background 0.6

Un-oscillated Prediction 730 Un-oscillated Prediction 266

Karl Warburton, lowa State University, Latest results from NOvA and future experimental prospects 20/12/2018 @

Dave Wark
Oxford U./RAL




ELECTRON (ANTI)NEUTRINO APPEARANCE RESULTS

MNeutrino beam NOVA F’rellmlnary Antineutrino beam NOVA Pre“mmary

L " lowpPo " "7 " T highpp T T T T T 12-' "lowPp ' " 1 " " highPiD | P
L 4 FD qata - — FDgata

[ —— 2018 Best Fit 10~ —— 2018 Best Fit

T [ Wrong Sign Bkg. - I Wrong Sign Bkg.
Total Beam Bkg. - Total Beam Bkg.
Cosmic Bkg. Cosmic Bkg.

Peripheral
Peripheral

=
5
o
?
'_
o
o
o
=
"
0
@<
@
—
A
c
7]
>
L

T T T T | T 1T I T T 17T |
| I | | L1 11 | I 111 | [ 1 11 | 111
Events /6.91 x 10°° POT-equiv

4 2 3 4
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrlno Energy (GeV)

Observed 58 Observed 18

Best Fit Prediction 59 Best Fit Prediction 15.9
Cosmic Background . Cosmic Background 0.7
Beam Background 11.1 Beam Background 35
Wrong Sign Background 0.7 Wrong Sign Background [

Karl Warburton, lowa State University, Latest results from NOvA and future experimental prospects 20/12/2018 @

Dave Wark
Oxford U./RAL




ALLOWED REGION OF PARAMETERS

NOVA is consistent with other long baseline and atmospheric neutrino experiments.

NOVA Preliminary

3.0 ----T2K 2018

::3 n

— 7
- Normal Hierarchy 90% CL .

— NOVA

== SK 2017

— — MINOS+ 2018 B
lceCube 2017~ —

-

~
\a

e

Both experiments continue to run, and a group of

people from NOVA and T2K Is meeting regularly to
prepare for joint analysis of the data.

,;_UI— = Deol L
] | ] |

I ! ! ! ! I ! ! ! ! AI

Karl Warburton, Iowa State University, Latest results from NOvA and future experimental prospects

0.4
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Neutrino Overview

Using all data as of
These are 99% c.l. contours!

Neutrinos ‘98.

L

2 neutrino solar fit

ClAr + Kamiokande + GALLEX + SAGE

+ SuperKamiokande: rates only

,_}

24 May 1999
24 Feb 1999

_,
2

458v]

Rates + Spectrum

N

Note that these best fits would
essentially rule out CP violation in
Rates + Spectrum + 7 terrestrial experiments.

SSM: Bahcall and Pinsonneault 1988 | |

arXiv:hep-ph/9812273v.

IIIIlJl] 1 JIIlJJlJ L

105 102 Global fits of systematics limited
el experiments will not save you! P

arX1v:hep-ph/9903




NuFIT 4.0 (2018)

[107 eV] Am,
! .y B

50

Y
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Wow — these experiments are great —
but even upgrades to T2K and NOvVA
won’t guarantee 5c CP sensitivity for
a significant range of values of 5.

5
sin- 6.,

arXiv:1811.05487v1 [hep-ph] 13 Nov

12 025 03 035 04 0015 002 0025 003 nave Wark

o, siro,, Oxford U./RAL



JUNO long baseline reactor experiment

P3.050, Central detector of JUNO, Yuekun Heng

a il
. . = oA N L LR L on oscillation
Cahbratlon E E _lg oscillation
= 03 e Nommlmem.rchy
g o Inverted hierarchy
04
0.35—
Top Tracker °2p
0.1
I ISD
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20kt Liquud Scin+ \ -
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~34000 3” PMT ]
Wattee Chesenlioy e Y WIS ¢ I\/Iy view- measurement of

~2000 20” PMT
e 912 alone Justlfles the project.
A 0 YA ey i
Neutrino 2016 - July 6, 2016 ke AL {J;} 14’ l 1 lﬁ’s iy
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DEEP UNDERGROUND NEUTRINO EXPERIMENT

Primary Beam Enclosure
Apex of -60°

o . Evut gy jnm S, gt B New LBNF neutrino beamline

ME-10 Point of Extraction —
R L | Near Detector Absorber Hall Target Hall Complex
l : Kirk Service Building Service Building (LBNF-20) Primary Beam
1. B (LBNF-40) (LBNF-30) Service Building
- H
o= r
| | -
1%
i = k|
H E
1 | E |
= -
i L1
- L ]
i L
L]
L N
-
E Lincerground Farmilab
F -q Fesearch
13— Facility
5 #
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v b

40 kT LAr Tracking
Calorimeter

Near Detector @ FNAL
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Neutrino Overview

Events/0.25 GeV

S
=
IlIITIIIITIIIITIIII

[+
T
[=1
=

Events/D.25 GeV

40 kt LAr @ 1300 km

3 yrs v mode

60 GeV Perfect Focus, 1.03 MW
sin’(26,,) = 0.085, Normal Hierarchy

—— Signal, 5., = 0°
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—— Signal, 5, = -80°
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DUNE Sensitivities

Propagate to Oscillation Sensitivities, e.g.

50 % CPV Sensitivity

DUNE Sensitivity g CDR Reference Desig

Normal Hierarchy - izad De
8F sin’26,, = 0.085 opimedesan

sin®0,, = 0.45

©

%1%

i G%d2%

= 5%33%

IIII I III
00 200 400 600

' L1 ' .
800 1000 1200 1400
Exposure (kt-MW-years)

Comments

Beam optimization is
Important

For 100-200 kt. MW.years
details of systematics are
not critical

For high exposure,
controlling systematics

Is essential, see 1 —3 %

24 062315 Mark Thomson | DUNE Status Report
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Real Events

Events are being reconstructed totally by
the computer using UK-pioneered
reconstruction code!

51 27-Feb-2018 A.Weber | DUNE



LBNF/ DUNE Schedule Summary Overview

| FSCF Construction

Dec1d I ] CryoInstallation
Jul-15 CD-2/3c Project -
ul- Jan-16 Baseline/ Construction ool Far Detector Procure/Assemble
CD-1 Refresh May-18 .
| | Far Detector Installation

FAR SITE

=

NEAR SITE

oy (D33 cD-3b Approval
“ CFFS Preliminary & Final Desi

n
| CFFS ExcaLtinn and Cavlerns

Cryostatand Cryogenics

Construction

FD Detector Design and Prototyping FD Detector 1-4 Procurement

\\‘\&.\.\.\.\_\.\.\.\.\_\.\.\.\.\_\.\.\.\.\_\.\.\.\.\_\.\.\.\.\! Y
%

assembly, installation, filling,
commissioning

. CFNS Preliminary & Final Design

| Near Detector & Beamlihe Design

_ Beamline Installation
[ Near Detector Installation

) NSCF Construction

' Near [Jetector Procurement and Assembly

_ Beamline Conventional Facilities and
Component Installation

N.D. Hall & Install of Near
Detector in Hall

- ND Commissioni

Detector #1 Commissioned .
Beamline Complete

15 23 June 2015  E McCluskey | Fermilab PAC Meeting LBNF



Neutrino Overview

(2026-)

P,

Hyper-Kamiokande The Next Step In

Japan

3, 4
J-PARC M
| 2~1.3MW

Hyper Kamiokande L=295km OA=2.5deQ

520,000 ton Water Cerenkov Detector!. %

In the end the sensitivity of LBL experiments

to CP will probably be systematics limited
—need NA61, MINERVA, NuStorm, etc.

T2K 280m near detectors, will be re-used,
but upgraded and enhanced eik of
with new near detector(s) at 2km. o

Fhig




MK Multi-purpose detector, Hyper-K

® Comprehensive study of v oscillation
® CPV (>30 for 76% of d)

® Mass hierarchy with acc.+atm v
® 073 octant
e Test of exotic scenarios
® Nucleon decay discovery potential
® o*17% 5% | 0°* years,
VK*: %1034 years (30)
® Neutrino astrophysics
® Supernova up to 2Mpc, ~| SN/IOyrs

® Indirect dark matter search
® Solar neutrino (~200evts/day)
e Geophysics

® Maybe more / unexpected
M.Yokoyama (UTokyo) 5




MK Oce dependence

Neutrino mode: Appearance

v = 450F
E = mi_ 0=0
g T 5=90°
= g 300F 0=180°
2 & =-90°
@  © 200F
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%oz uL;Rm'an' "lE,I. | iam mi'%}
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of observables
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Antinentrino mode: Appearance
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Sensitive to all values of d with
numbers + energy spectrum shape

Masashi Yokoyama (L ioryu,)
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HK CPV sensitivity

sinOcp=0 exclusion

B L N LI WL L

® Excellent sensitivity to CPV |y, E7sMW107s (156107 o a3 iy
- E

® >30 for 78% of O b F E
® >50 for 56% of ® ) 2/ Y A :
® From discovery to g :

Ocp measurement: PTIs0 100 S0 0 50 "'1666"'15['.'

. cp [degree]

® ~9° error possible = s Bcp68%error

® Test predictions from g o —s=0

flavor symmetries, S =90

leptogenesis etc S | 3

® Study with updated 5

systematics ongoing e N 3....1.“?
&

Integrated beam power [MW 107 sec]
M.Yokoyama (UTokyo) 24




Sen5|t|VIty to Mass Orderlng

Band uncertalnty due to theta23

Nornn] ordering N O Dl NE Inverted ordering IO DUNE '
T2HK mmmm T2HK ===
= DUNE/2 + T2HK /2 == - — DUNE/2 + F’lll\/Zl:J

w/ staged T2HK g w/ staged T2HK
w/ 1-tank T2HK——- w/ 1-tank T2HK——-

15 20 O 5 10
Total run time [years] 1 Total run time [years]

Shows remarkable complementary
(statistics are irrelevant after T=5 years)

From Steve King’s talk at NuPhys 2016. UXTord U./KAL




CP violation sensitivity

16

DUNE
T2HK
DUNE + T?HI\ ===

J Of course the main reason we need two experiments
IS so that we can believe either one of them.

True 6/

vave walk

Oxford U./RAL




MK Hyper-K Target Timeline

(_Ful sur jurmmmm power upgrade of JPARC accelerator
approved and underway

Hyper-K recommended by Science Council
of Japan and placed on MEXT Road Map

) Only a tiny amount of money 1n this year’s
budget, but U of Tokyo has announced
construction will begin in April 2020.

N Stay tuned. . .

~2025 Data taking start
> 2025 Discoveries!

M.Yokoyama (UTokyo) 30



Neutrino Overview

Some Open Experimental Questions In
Neutrino Physics

Completing the picture of neutrino oscillations.
o Parker, Nonnenmacher, Sedgwick, Pidcott, Kaboth, VVann

Neutrino-masses and nature — Majorana or Dirac?
 Di Valentino, Kroupova,:Nirkko, Taylor, Patrick

Are there sterile neutrinos?
DI Valentino, Barker, Boschi, Blake, VVan den Pontseele

Using neutrinos as probes.
 Katori, Malek

Dave Wark
Oxford U./RAL



Phys. Rev. D90, 033005 (2014)
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mgg distribution in the parameter space

Phys. Rev. D 96, 053001 (2017) (see also Phys. Rev. D 96, 073001 (2017))
Discovery probability of next-generation neutrinoless double-8 decay experiments

Global Bayesan analysis including neutrino oscillations, tritium, double beta decay, cosmology

lgnorance of the scale of the parameters — Scale-invariant prior distributions

» X=M+M,+M,, AM;?: logarithmic
» Angles and phases: flat

Marginalized posterior distributions of mg,

1 TTTT] T T T IITT] T T T o T T T IITIT]

a) NO, QRFA

IIIII
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Sterile Neutrinos: LSND Starts 1t all...

e Backgrounds in green,red
e Fit to oscillation hypothesis in

blue
w
w
8 175 ® Beam Excess
a BE8 ph v’
g 15 P oIn
o E= o e'n
@ 125

....................

ratd B GOy Y ol e )

P P | a a1 .
0.4 06 08 1 1.2 1.4
L/E_ (meters/MeV)

Excess of electron anti-neutrinos in a “beam”
from stopped pion decay...




LSND Starts it all...

Excess of events: 87.9 + 22.4 + 6.0

9500
= ¢ Beam Excess
Data points before Qe m ve olastic
background subtraction Wy
8300} ¢ Beam related
8 ol

Expectation for
oscillations

2 2% %0 % 40 45 50 5 60
E, MV

This is a tiny effect, and systematics will be
crucial. Itis apity SBND is first!



IceCube Lab
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Neutrino Overview

RESEARCH ARTICLE

Neutrino emission from the direction of the blazar TXS
0506+056 prior to the IceCube-170922A alert

IceCube Collaboration™"

The Kaimalino
from balow

+ See all authors and affiliations

Science 13 Jul 2018: OPTICAL MODULE

Vol. 361, Issue 6398, pp. 147-151
DOI: 10.1126/science.aat2890

3— CALIBRATION
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Hydrophone #1 §
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Environmentat
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 Fig. 1. The DUMAND Short Prototype

- Btring. Seven optical modules (PMT)

: . ; : and ancillary equipment are spaced

% n 5 . 5,18 m apart along a2 vertical cable

78.36 77.36 76.36 . deployed from the center well of the
‘highly stable vessel Kaimalino.

Right Ascension




Neutrino Overview Conclusions

Neutrino Oscillations have gone from speculative to routine, and
remain the only experimentally confirmed particle physics beyond
the original Standard Model.

Every 3v neutrino mixing (i.e., every angle) has been seen by at
least two different methods and by multiple experiments — so we
can believe them!

We have moved from exploration to the era of precision
measurements — but that opens a window for new discoveries.

Nuclear physics matters — this will require supplementary
experiments and theoretical support.

There I1s much more neutrino physics outside of oscillations —
absolute mass, Majorana vs. Dirac, use of neutrines as probes,
astrophysical and cosmological v, and the search for deviations.

Somebody must sort out sterile neutrinos (and there are non-
accelerator experiments in that area moving as well), but it Is a very
subtle problem so don’t look for very rapid progress.

This is great physics, and we need more physicists!

Join us!
Dave Wark
Oxford U./RAL



Neutrino Overview

“This could be the discovery of the century. Depending,

of course, on how far down it goes.” Dave Wark

Oxford U./RAL




